The interactions of 3d transition metal atoms with graphite and C 60 molecule is investigated using tightbinding molecular-dynamics and ab initio methods. The results for vanadium and nickel confirm recent experimental deduction of the contrasting bonding behaviors between the early and the late 3d-transition metals in their interaction with graphite and C 60 . Furthermore, our results reveal the role of substrate relaxation and curvature in producing a striking dissimilarity in the bonding behaviors among transition metal atoms on graphite and C 60 .
The interaction of graphite and C 60 with the transition metal atoms ͑TMA's͒ has been the subject of intense research investigations due to the vast number of potential applications these systems may have in nanotechnology, materials research, and catalysis. These investigations ͑for comprehensive recent reviews see references 1, 2 ͒ have also been recently extended to include single wall carbon nanotubes 3, 4 ͑SWCN's͒ since the TMA's have been found to play a dominant role in the production and other properties of the SWCN's. 3, 5 The variety of the behavior found in the interaction between the TMA's with graphite is further enriched in the case of C 60 and the SWCN's as curvature and zone folding effects are additionally involved. 4, 6, 7 This results from strong hybridization strength between the carbon p and the TMA d orbitals as well as significant rehybridization process due to the curvature. The range of variation in the interaction appears to be more pronounced in the case of the C 60 -TMA system, where C 60 was found to possess a great ability to adapt itself to various environments, being able to act either as an electron donor or as an electron acceptor.
Experimental investigations of the interaction between the 3d-TMA's and the C 60 have indicated a different behavior of the early 3d-elements ͑Sc, Ti, V͒ when compared with those of the late 3d elements ͑Fe, Co, Ni͒. 8 Similar differentiation was also observed in the case of bonding type and the binding sites on the same systems when experimental studies of C 60 with the TMA clusters were performed. [8] [9] [10] [11] In particular, experimental measurements of small M m (C 60 ) n ϩ clusters (M ϭSc, Ti, V,͒ indicate no external M atoms and favor M 1 ͓ 6 -(C 60 ) 2 ͔, where 6 indicates that six ligand ͑carbon-ring͒ atoms are bonded to the metal ͑M͒ atom. These results led to the conclusion that the M (C 60 ) 2 , M ϭSc, Ti, V clusters take the form of a dumbbell and that the M atom is sandwiched between the six-membered rings of C 60 rather than the five-membered rings. On the other hand, in the M m (C 60 ) n , M ϭFe,Co,Ni clusters, C 60 was found to react rather as an 3 than as an 6 or 5 ligand. In the case of Ni 2 (C 60 ) 2 , sideways or end on binding to the Ni dimer seemed to be a possibility. 9 Analogous comparative experimental information about the interaction behavior of the 3d-TMA's with graphite has not yet been reported, to the best of our knowledge. However, theoretical investigations using density-functional methods 12 and the complete neglect of differential overlap method 13 have shown a differentiation in the interaction properties of the early 3d elements as compared to those of the late 3d elements. 12 Neither group, however, has incorpo- 4, 6 Interestingly, the experimental investigations of the magnetic behavior of V monolayers grown on Ag͑100͒ have led to contradicting results with some experiments pointing to the presence of magnetic moments and others to the absence. 14, 15 Magnetic behavior, however, was found in V clusters only freshly evaporated on graphite with the evidence being associated with the satellite structure observed in the V 3s x-ray photoemission spectra. 15 Subsequent experimental measurements have shown the V 3s line shape to be very sensitive to the V-graphite distance, throwing its origin into dispute. 16 Adding to the controversy is the highspin state obtained for a single V adatom on graphite (4 B ). 12, 16 In this paper, we present a first systematic theoretical study of the interaction of V atoms on graphite and C 60 by considering all possible bonding sites while comparing these results with those for Ni in our earlier works with a view to interpret existing experimental data. Our calculations are performed using our tight-binding molecular-dynamics ͑TBMD͒ method 4-7 as well as accurate ab initio methods. 22 The details of our TBMD formulation can be found elsewhere ͑see for example, Refs. 7 and 17-19͒. The method makes use of Harrison's universal scheme 20 incorporating realistic distance dependence of the Slater-Koster type 21 parameters. The use of a minimal parameter basis set makes the scheme more transferable between differing environments. More importantly, the TBMD scheme allows us to employ fully symmetry unconstrained optimization for all geometries considered. The database for fitting the parameters is obtained from experiment whenever available. This parametrization has been used with success to study Ni m C n clusters of arbitrary sizes and the interaction of Ni with graphite, C 60 , and SWCN's. [4] [5] [6] [7] The TBMD calculations are further complemented by accurate ab initio methods. 22 The ab initio calculations were performed using the GAUSSIAN 98 program package and includes density-functional theory calculations with the three-parameter hybrid functional of Becke using the Lee-Yang-Parr correlation functional. 22 The atomic basis set used is of double zeta quality and includes relativistic effects for heavy atoms.
In the present paper, the graphite is simulated by a portion of a graphene sheet consisting of 128 carbon atoms. This size was found to be sufficient for ensuring convergence of the results with the cluster size. Molecular-dynamics relaxation resulted in stable bonding for V on graphite at hole and atop sites. The adsorption of V was accompanied by a considerable distortion of the graphene sheet, especially for C atoms in the neighborhood of the V atom. The total energies for the fully relaxed geometries were obtained using ab initio calculations and show the ordering; E hole ϽE atop with the hole site being more stable by 0.50 eV. This is contrary to the findings of Duffy and Blackman, 12 and the discrepancy can be attributed to the neglect of relaxation effects in their calculations. We note that the same energetic ordering was also obtained by us for Ni adsorption on graphite. 7 As in the case of Ni on graphite, no stable bridge sites were found for V. At each adsorption site, the V atom exhibits a magnetic moment and there is appreciable charge transfer to or from the graphite atoms. The actual values of these quantities as well as the bond lengths between V and the neighboring C atoms are given in Table I . It should be noted, however, that our results do not support the high-spin states for V on graphite reported 12, 16 This disagreement may be attributed to surface relaxation effects that have been completely omitted in Refs. 12 and 16.
For the VC 60 cluster TBMD optimizations were carried out and the energetics of the fully relaxed structures were analyzed using ab initio methods to determine all the stable sites at which V can bind to C 60 . We find that V binds at hole, atop, and bridge sites, while the total energies for these sites satisfy the relation E hole ϽE atop ϽE bridge . The hole site was found to be more stable than atop and bridge sites by 0.37 eV and 0.95 eV, respectively. Note that for Ni, the hole site was found to be unstable, while the atop site was the most stable on C 60 . 6 The only similarity here is that the bridge site now becomes stable for both V and Ni as a result of rehybridization due to the substrate curvature. It is also worth noting that our results for V on both graphite and C 60 indicate the preference for V to act as an 6 ligand in contradistinction with Ni, which acts as an 2 or 3 ligand, 6 in agreement with the experimental findings for both Ni and V interacting with C 60 . [8] [9] [10] [11] The V atom on the C 60 exhibits a net charge and magnetic moment that depend on the adsorption site. The calculated net charge and magnetic moment of V as well as the bond lengths between the V and the nearest neighboring C atoms for the three adsorption sites ͑upon relaxation͒ are presented in Table I .
Vanadium is also found to bind two C 60 molecules. Two of the most stable ground-state geometries for the V(C 60 ) 2 cluster are shown in Fig. 1 . Among them the most stable one exhibits the dumbbell structure with both C 60 molecules acting as 6 ligands ͓Fig. 1͑a͔͒. It should be recalled that in the case of the Ni(C 60 ) 2 clusters, the most stable geometry also exhibited the dumbbell structure, but with one C 60 molecule acting as 2 ligand and the other as 3 ligand. 6 These findings are in excellent agreement with the experimental results. 8, 10, 11, 2 Table I contains the charge state, the magnetic moment of the V atoms, and the V-C bond lengths obtained for the V(C 60 ) 2 structures shown in Fig. 1 .
All the stable geometries found for the V 2 (C 60 ) 2 cluster are shown in Fig. 2 . For the purposes of comparison we label them T1, T2, T3, and T4 and they correspond to Figs. 2͑a͒, 2͑b͒, 2͑c͒ and 2͑d͒, respectively. The T1 configuration is the most stable, with the energetics of the others in the order:
E(T1)ϽE(T3)ϽE(T2)ϽE(T4).
The T1 structure has also been found to be the most stable configuration for the Ni 2 (C 60 ) 2 cluster, with the connectivity via the formation of 2 and 3 ligands. 6 In the case of V, however, the connectivity is via the formation of 3 and 4 ligands ͓Fig. 2͑a͔͒. Interestingly, the T1 structure has been deduced from the experiments of Kurikawa et al. 10 for Co 2 (C 60 ) 2 clusters. More experimental works on the V 2 (C 60 ) 2 clusters are needed for verifying our predictions.
Thus, a comparison of the results for V graphite and V-C 60 demonstrates that the substrate-curvature effects can make qualitative differences in the relative stability of the various adsorption sites. Furthermore, qualitative differences between V ͑early 3d-TMA͒ and Ni ͑late 3d-TMA͒ are also evident in the study of the stable adsorption sites for these two elements on graphite and C 60 . The qualitatively different behavior found in the case of V and Ni in their interactions with graphite and the C 60 can be attributed mainly to the different occupancies of the adsorbate d orbitals. Another factor contributing to this is the variation of the hybridization strength between the adsorbate d orbitals and the p z orbitals of graphite ͑the z axis is perpendicular to the surface͒. While the occupancy of the d-orbitals depends on the adsorbate atom and is affected by inter-atomic and intra-atomic charge-transfer effects, the hybridization strength depends on the point-group symmetry of the adsorption site ͑i.e., C 6v for hole, C 3v for atop, and C 2v for bridge sites͒, the surface relaxation near the adsorbate, and the adsorbate-substrate distance. The presence of all these factors make a meaningful quantitative deduction of the contribution of each single factor to the interaction between a 3d element and the graphite ͑or the C 60 ) seem quite difficult. However, we can obtain an insight into the bonding behavior of Ni and V on graphite by studying the highest occupied molecular orbitals ͑HOMO's͒ using ab initio methods.
As an example, in Fig. 3 we show the HOMO's for V on a perfect graphite surface at the hole position. From these it can be seen that for V at the hole site, the bonding molecular orbital ͑MO͒ is a perturbed d xz . The bond at this site exhibits a weak covalent character. Similar analysis of Ni bonding at the hole site also reveals perturbed d xz type but having a slightly stronger covalent character. We have also performed HOMO's analysis for Ni and V at the atop site and find the molecular orbitals for both to be of d 3z 2 Ϫr 2 type. However, V bond exhibits strong covalent character, while the Ni bond exhibits ionic character. It should be noted that charge transfer, surface relaxation, and adsorbate-substrate distance, all influence the relative bond strengths between atop and hole sites. Furthermore, both surface relaxation, and the surface curvature rehybridizes the bonding MO's and results in a small covalent contribution in addition to the ionic bond between Ni and graphite. 4 It is, therefore, not surprising that atop site appears more stable than the hole site and vice versa, as the geometric configuration changes. Our disagreement with the results of Refs. 12 and 16 and may be attributed to the important contribution of surface relaxation effects that have been left out in those works.
Similar results obtained in studies in which the C 60 is replaced by a SWCN lead us to believe that the differences found in the bonding between V and Ni on C 60 ͑and SWCN͒ may also manifest as the differences in the contact resistances when these TMA's attach themselves to SWCN walls. 23 We have, thus, demonstrated the important roles played by substrate relaxation, curvature of the substrate, occupancy of the d orbital of the adsorbate, and the point-group symmetry of the adsorption site in determining the relative stabilities of 3d TMA at various adsorption sites on graphite and C 60 . Furthermore, Ni and V were also found to exhibit substantial magnetic moments and undergo significant charge transfer processes that depend on the detailed configuration of their adsorption sites on both the graphite and the C 60 .
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